Hα and [Oiii] narrow band, wide field (7 × 7 degree), CCD images of the Small Magellanic Cloud were compared and a catalogue of candidate planetary nebulae and Hα emission-line stars was compiled. The catalogue contains 131 planetary nebulae candidates, 23 of which are already known to be or are probable planetary nebulae or very low excitation objects. Also, 218 emission-line candidates have been identified with 113 already known. Our catalogue therefore provides a useful supplement to those of Meyssonnier & Azzopardi (1993) and Sanduleak, MacConnell & Davis Phillip (1978) . Further observations are required to confirm the identity of the unknown objects.
INTRODUCTION
Many of the salient features of our nearest neighbour galaxies, the Magellanic Clouds, have been well determined. Their proximity also allows us to further develop standard candle techniques for distance determination (e.g., Di Benedetto 1997; Sasselov et al. 1997 , but see Udalski et al. 1998) . Many classes of objects in our own galaxy have been identified in the Clouds (see, e.g., Keller & Bessell 1998; Mantegazza & Antonello 1998; Santengelo 1998) and their presence has allowed us a close view of some of the shorter time scale astrophysical events, such as supernova 1987a.
However, it remains that the content of the Clouds is not extensively explored. In particular, only 65 proven or probable planetary nebulae (PN) candidates are known in the area of the Small Magellanic Cloud (SMC) that is studied here (previous catalogues are contained in Meyssonnier & Azzopardi (1993) , hereafter referred to as MA93, and in Sanduleak, MacConnell and Davis Phillip (1978) , hereafter referred to as SMP78). Many fainter PN were found by Jacoby (1980) and Morgan & Good (1985) . However, these objects are beyond the detection limits of the current work. It is the aim of this work to provide a more spatially complete catalogue of the bright PN and emission-line object content of the SMC. We also describe a new method of selecting candidate objects which is highly suited to studies of the Magellanic Clouds.
⋆ E-mail: mim@bat.phys.unsw.edu.au (MTM) Cataloguing any class of Galactic astronomical object requires a large solid angle of sky to be observed. In the case of the SMC, however, the entire galaxy subtends only ∼ 10 square degrees on the sky. Thus, the entire SMC can be observed in different frequency bands with few exposures of an extremely wide field telescope or camera, allowing us to survey more completely the population of specific classes of objects than by carrying out surveys in the Galaxy. Estimates of the population in the Magellanic Clouds may therefore provide further insight into the true population in the Galaxy.
Wide field telescopes have had limited use in the recent past. However, the potential of automated patrol telescopes with a wide field format is now starting to be realized (see, eg., Carter et al. 1992) , especially when used to observe transient and oscillatory sources. For the present work, we have used images of the SMC taken with a Nikon survey camera with an approximate 7×7 degree field.
Searching for PN candidates in the Clouds is facilitated by their strong emission in the Hα and [Oiii] bands. The gaseous ejecta is abundant in both hydrogen and oxygen and the remnant star is hot enough to doubly ionize oxygen with its UV continuum radiation. Thus, Hα and [Oiii] band images can be used to find PN candidates in the SMC.
The basic method for compiling the catalogue of PN candidates is therefore clear. We compare different waveband images of the SMC and identify objects which appear in all frames or in only an individual frame. The different emission properties of the sources then allow us to identify each object as a PN or as an Hα emission line star.
The remainder of the paper is organised as follows. In Section 2 we detail our observations and in Section 3 we discuss the data reduction process. Section 4 describes the methods of data analysis in more detail, discussing first the methods of selecting potential PN candidates. We then detail the photometric analysis used to determine the magnitudes of each identified source in each waveband relative to that of the relevant continuum. In Section 5 we outline the main features of the catalogue which we present in Tables 1  and 2 . We make our concluding remarks in Section 6.
OBSERVATIONS
The wide field imaging project commenced in late 1996 and observations of the SMC were made in October and November 1996 and 1997. We have used images of the SMC taken with a Nikon survey camera with a 400mm f/4.5 Nikkor lens (aperture = 90 mm) which was fitted to the equatorial mount of the Boller and Chivens 16 inch telescope at Siding Spring Observatory. The original telescope tube and mirror were removed from the mount. When coupled with a 2048 × 2048 pixel CCD, this configuration provides a scale of 12 arc sec/pixel and covers an approximate 7×7 degree field.
Interference and glass filters were inserted between the camera lens and the CCD dewar necessitating a change of focus for each filter. The Hα filter was centered at 657.0 nm and had a FWHM of 1.5 nm; [Oiii] at 501.6 nm, FWHM 2.5 nm; H(continuum) at 667.6 nm, FWHM 5.5 nm; and V 550.0 nm, FWHM 85 nm. When placed in the f/4.5 beam, the effective wavelengths of these filters are shifted blueward to the nominal transition frequencies of the relevant lines. For each filter, a sequence of 3 consecutive exposures were taken to enable cosmic rays to be rejected. Fifteen minute unguided exposures were made for the interference filters and 5 mins for the coloured glass broad band filters. The final summed Hα and [Oiii] images comprised 3×3 exposures of 15 min length; H(cont.) and V images were of 3×15 and 3 × 5 min length respectively.
DATA REDUCTION
So as to remove effects due to pixel-to-pixel changes in CCD sensitivity, the images were bias subtracted and divided by flat field exposures using the iraf † task ccdproc. The flat field was a white screen suspended from the telescope dome and illuminated indirectly by normal tungsten incandescent lights. The three individual images for each filter were combined using geomap and geotran. The positions of between one hundred and two hundred stars across the field were measured in order to generate these transformations. The combining of the sets of three images was done using a median filter which enabled the rejection of cosmic rays † iraf is distributed by the National Optical Astronomy Observatories, which are operated by the Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
and, for some images, where we had moved the telescope in declination between exposures, the rejection of bad columns and pixels. We later combined the images taken on different nights with the same filter in the same way.
DATA ANALYSIS
We first compare images of the SMC in the Hα and [Oiii] bands, noting all objects appearing in both frames. Continuum sources also appear in both images and so all objects can be checked against an (Hα − H(cont.)) and an ([Oiii] − V) image. Objects appearing in the (Hα − H(cont.)) image and the [Oiii] image can then be compiled. These objects can then be checked in the ([Oiii] − V) image, resulting in a list of planetary nebulae candidates and an incomplete list of potential Hα emission-line stars.
Object Identification and Astrometry
The 2048 × 2048 images were trimmed to 1400 × 1400 pixels so as to include only the entire SMC. All images were then registered to the Hα frame using geomap and geotran. After attempting to identify candidate objects using various software packages, we found that the most efficient search technique was a combination of visual scanning and threshold identification using the daofind procedure within iraf. A search using only threshold methods was found not to be optimal due to the fact that the focus of the camera was different for different filters. This led to sharp gradients in pixel value near stellar features in the (Hα − H(cont.)) and ([Oiii] − V) frames which presents a serious problem for threshold detection. The CCD chip also showed several faulty columns and some bright and dark cluster faults. Consequently, the large pixel value gradients in such regions led to daofind selecting whole columns of points and a large number of points in the area of localized faults.
Initially, three images were compared visually: (Hα − H(cont.)), a Gaussian filtered or 'smoothed' (Hα − H(cont.)) and [Oiii] . 'Blinking' between each registered frame revealed which objects truly appeared in each frame. As a further aid to the search, daofind was applied with optimal parameters to the 'smoothed' (Hα − H(cont.)) image, resulting in a list of co-ordinates of sharp peaks in pixel value. We attempted to apply a 5σ detection threshold on all objects but, as we have discussed above, this was found not to be optimal for detection of true object candidates. This problem was compounded by the fact that many objects lay in regions of the CCD where many stellar and diffuse emission features were found. Consequently, applying a threshold criteria to these 'bright' regions of the CCD was clearly not the most effective identification method. Because of the length of time needed to scan the images by eye, a constant criteria of object selection is difficult to maintain. We were mindful of this fact whilst comparing the images and, in any case, all selected objects were inspected at a later date with very few discarded.
It was noted during the selection process that the position of some objects on the image differed slightly between frames. This difference was less than one pixel in all cases and was only appreciable when the object appeared quite large (at least 2.5 pixels FWHM). Some of the objects are therefore assigned a larger positional error. We also note that such 'large' objects are unlikely to be PN since a FWHM of > 2 pixels would imply that these objects have a spatial extent > 6 pc. Such a large PN would be too faint to be detected using our methods and we suggest that such objects may be interesting Hii regions. In many cases (approximately half of the objects), especially for objects in the bright regions of the images and for faint objects, the object examination package, imexamine, was unable to determine a position on the image. This was overcome by two methods depending on the pixel value profile of the object in question:
(i) For objects found by the daofind procedure, the positions of the objects were taken as those determined by daofind itself. In cases where both imexamine and daofind were successful, the position of the object was taken as the average of the two sets of co-ordinates. These two positions never differed by more than 0.1 pixels.
(ii) For objects that were not found by daofind, the centroid was determined by visual inspection and by use of the surface plot feature in iraf. The approximate pixel number of the pixel containing the centroid was taken as the position of the object on the image. Importantly, these objects were generally very faint and this facilitated such visual centroiding. These objects are presented in the second part of the catalogue and one should allow at least 15 arc seconds of error (∼ 3σ) in their position.
Finally, objects in a list of strong (Hα − H(cont.)) sources were compared in the [Oiii] and ([Oiii] − V) images and objects not appearing in the ([Oiii] − V) image were labelled as emission-line star candidates. This yields an incomplete catalogue of Hα emission-line stars as only those which have a 'visible' continuum at the [Oiii] filter wavelength (λ = 5016Å) will appear in this sample. Also appearing in this sample will be any heavily reddened PN. If extinction in the [Oiii] spectral region is high enough then these PN will be labelled as Hα emission-line stars using our methods. We note that 218 emission line star candidates appear in the catalogue, only 113 of which are already known, marking a significant increase in our knowledge of the emission line star content of the SMC. We are, however, unable to estimate the completeness of this sample.
From the resulting list of co-ordinates for the selected candidates we can find the stellar co-ordinates to high enough precision using the astrometry package given a large enough set of reference stars. We obtained such a set from the NASA Guide Star Catalogue (1992). The reference stars were selected as easily identifiable, bright stars which appeared to have a uniform Gaussian-like brightness profile. 44 reference stars which satisfied these criteria were selected. No account of any proper motions of the reference stars was made as these contribute errors of much less than a pixel.
Photometry
For all of the selected objects, standard photometry techniques were used in order to find ΓH ≡ m(Hα)−m(H(cont.)) and ΓO ≡ m([Oiii]) − m(V) (a measure of the magnitude of [Oiii] emission). Six concentric apertures (1.00, 1.25, 1.50, 1.75, 2.00, 2.25 pixel radii) were used to produce 'growth curves' for 7 bright reference stars in each of the relevant bands (Hα, [Oiii] , H(cont.) and V). The middle four apertures were selected as those that would give the most reliable estimates of the required magnitudes. The magnitudes for all 44 reference stars were averaged in each filter so as to give a measure of the zero-point of magnitude for each filter. The 'growth curves' showed a reasonable consistency with each other in terms of general shape and scale and so the H(cont.) magnitude in each aperture was subtracted from the corresponding aperture in the Hα filter. A similar procedure was employed in comparing the [Oiii] and V magnitudes. The last three apertures (1.50, 1.75 and 2.00 pixel radii) were found to give consistent values of the required magnitudes and the unweighted mean of the magnitudes in these apertures was taken to give the values presented in the catalogue.
For the Hα magnitudes, an error of 0.3 should be allowed to take into account the uncertainties in the above procedure. This error is derived on the basis of the spread in values for the zero point magnitude for the different apertures discussed above and from the distribution of magnitudes in the final three apertures. A larger error, approximately 0.5, should be allowed for the [Oiii] magnitudes as adoption of 'sky' magnitudes in the photometry procedure was found to be very sensitive to the general brightness of the regions surrounding the objects. That is, some objects, which lay in bright regions of the V and [Oiii] frames were prone to having a more positive 'sky' magnitude. In cases of gross error, an attempt was made to make an order of magnitude estimate of the sky magnitude for each object by visual inspection of the frames. Clearly this photometry procedure is not well suited to the wide, deep field format of the images. Indeed, some objects were not assigned magnitudes, due, generally, to their appearance in bright regions of the CCD. The given relative magnitudes therefore provide an indication only of the magnitude of Hα and [Oiii] line emission.
THE CATALOGUE
We present the catalogue of selected objects in Tables 1 and  2. Table 1 contains most of the selected objects and Table  2 regards those objects for which only an estimated pixel number could be obtained as a measure of their position on the image. The format is the same in both tables: the first column gives the object number; the second column gives a short description of the object as it appeared in the images studied; the third and fourth columns give the right ascension (hr min sec) and declination (deg min sec) of the object as determined by the 6-coefficient model in the astrometry package; the relative magnitudes in the Hα and [Oiii] bands, ΓH and ΓO, as determined by the methods discussed in Section 4.2, are given in the fifth and sixth columns. Objects for which no description is given had no defining features or abnormalities in any of the frames.
As a means of checking the accuracy of the positions given in the catalogue, the known PN, very low excitation (VLE) and emission-line stars (from Tables 2 and 3 in  MA93) were located in the list of co-ordinates. By comparing the positions given in MA93 and those in the catalogue, the largest discrepancy between the two was found to be 8 arc seconds in declination. This was found for object num- G -A good candidate for a planetary nebula. The object had a Gaussian-like profile and had significant flux in all frames.
Em* -Emission-line star. This represents a candidate for an Hα emission-line star. These objects were not identified in MA93. SMP xx -A known emission-line star. These objects lay outside the survey range of MA93. We therefore use the co-ordinates in the SMP78 catalogue. A question mark (?) indicates the same uncertainty as described for [MA93]xxxx.
-xxxx--Indicates that the object is identified in MA93 as a PN with the identifier xxxx and was not identified in SMP78.
[MA93]xxxx -A known emission line star identified in MA93 and numbered accordingly. If a question mark (?) is appended to the identifier then the co-ordinates are different by slightly more than 12 arc seconds from the known J2000 co-ordinates. Thus, some uncertainty exists as to whether the identification is correct.
B -Bright region. The object appeared in a bright region of the frame and so should be treated with some caution. May be specified for a particular filter.
CCD -Bad CCD line or fault in CCD. This means that the object lies close to a CCD fault in the images. Dp -Different positions. This indicates that the centroids in the Hα and [Oiii] images were ∼ 1 pixel apart. These should be treated as suspect.
F -Faint. This means that the object had low peak pixel value compared to the background. A filter may be specified if the object was only faint in one filter.
I -Irregular shape. The object did not have a Gaussian-like profile. May be specified for a particular filter. L -Large. The object is more than 2.5 pixels FWHM. This means that a large area may have to be searched in subsequent observations in order to find the emission object. Indeed, there may be several emission objects around the given co-ordinate. May be specified for a particular filter. A variation on this description is "L region", meaning that the given co-ordinate is the centroid of an area (at least 5 pixels FWHM) where many emission objects may be located. Usually, this is also a "bright" region.
S -Possibly a star. It was not clear from the images whether this object is a star or not, due to the problems outlined in Section 4.1. Sm -Small. This means that the object is contained within just one pixel. May be specified for a particular filter.
Sp -Spread out. The object is reasonably faint and has a large FWHM (usually > 2 pixels). May be specified for a particular filter. Sus. -The object in question had some feature that made it seem unlikely that there was a genuine object at the given position. A particular frame may be specified. ber 16 in the SMP78 table which was initially described as being 'spread out' upon visual scanning of the SMC frames. Thus, it is expected that most objects in the catalogue will lie within 12 arc seconds of their calculated position -the assigned error is likely to represent an ∼ 3σ circle of uncertainty. It must be noted that not all possible or proven planetary nebulae given in MA93 and SMP78 were found by the methods used to scan the SMC frames. The known objects that were not found were later identified on the image by using the MA93 and SMP78 co-ordinates and the astrometry procedure in reverse. The objects were then visually inspected and it was determined as to why they were not found in the initial scanning procedure. The primary reasons are given below: (i) The object was too faint to be confidently identified in all frames. Usually, the object did not even appear to be present in surface plot and, if a slight peak could be detected, it was largely swamped by the background noise.
(ii) Often, the object appeared near a stellar feature and was partially subtracted in the Hα images due to the problems outlined in Section 4.1.
(iii) Objects were often found to be in such bright regions of the SMC frames that it was impossible to determine whether the objects were present or not.
(iv) Most of the "New PN" and VLE objects in MA93 appeared at the specified position in the Hα images but could not be found by any method in the [Oiii] image.
Of the 62 proven or probable SMC planetary nebulae and VLE objects given in MA93, 19 are found in the current catalogue. The SMP78 catalogue spans a larger area of the sky and contains 7 objects which are not included in the MA93 table for this reason. Of these 7, 3 were identified in our catalogue plus 1 object which lay slightly beyond our permitted positional error of 12 arc seconds. It is noted that many of these known objects were regarded as being possible stars or faint objects in our visual scan and some were objects to which only an estimated pixel row and column could be assigned. It is difficult to estimate what fraction of the 107 hitherto unidentified PN candidates (131 candidate PN with 19 + 4 previously identified) will be new PN or VLE objects. Our detection rate for previously identified objects is 33% but this gives no view of the detection rate for unidentified objects. We note that, if approximately half of our candidates are in fact PN, from the PN luminosity function of Ciardullo et al. (1989) , the total number of PN within the SMC should be > 2500. This is less than their estimate for the number in the Galaxy but significantly greater than their estimate for the bulge of M31. There are also a number of Hα emission-line objects listed in the catalogue that were not found in Table 2 of MA93. Again, the field of the present survey was larger than that presented in MA93 and so there are quite a number of objects which are previously unidentified towards the beginning and end of the catalogue. Spectra of these objects and the planetary nebulae candidates must therefore be measured so that they may be more precisely identified.
One may also ask how our survey can detect objects that were not detected in the SMP78 and MA93 surveys which had similar detection limits. The answer may lie partly with the fact that we have used CCD imaging rather than photographic imaging as used in previous surveys. CCD imaging is a more powerful tool for finding strong Hα sources on sub-pixel scales. However, weaker Hα objects in crowded regions of the sky will not be detected with our methods. Only spectroscopic observations and the use of new Anglo Australian Observatory Schmidt Hα images can answer this question. Such work is now being undertaken.
CONCLUSION
A catalogue of candidates for PN, VLE objects and Hα emission-line objects in the SMC has been compiled from a visual scan of wide field, deep, narrow band images. Images were taken in the Hα, [Oiii] , red continuum and V band filters and non-stellar objects appearing in both the Hα and [Oiii] bands, but not in the continuum-subtracted [Oiii] image, were taken as good candidates for PN. The magnitude of the emission in each band, relative to the continuum for that band, was estimated via a standard photometry procedure. These results are also given in the catalogue and carry an estimated ±0.3 error for the Hα band and ±0.5 for the [Oiii] band.
Of the 69 possible or proven planetary nebulae and VLE objects known in the field of the survey (MA93, SMP78), only 23 are found in the catalogue. This is due entirely to the limitations of the wide field CCD format of the images. In total, 236 objects of unknown identity appear in the catalogue. The catalogue contains 107 previously unknown PN candidates and 218 emission line star candidates, only 113 of which are known. We can make no definitive estimate of the fraction of our candidates that will be true PN or VLE objects. However, we note that if only one half of our PN candidates are in fact PN, estimates of the total number of PN in the SMC (> 2500) seem much larger than the values suggested by common wisdom (∼ 500 − 1000).
In order to determine the true identity of the catalogued objects, follow-up observations of each object must be made. This may be difficult in some cases due to the relative imprecision of the object co-ordinates (we allow a 12 arc second error for most objects). However, these observations must be carried out in order to obtain a better survey of the planetary nebulae content of the SMC and to evaluate the viability of the methods used to find the objects. Several observations subsequent to the formation of the catalogue have revealed that many of the potential PN objects are indeed PN. A disadvantage of the wide field format of the SMC images was apparent in many cases: more than one object occupied the 12 arc seconds surrounding the catalogue co-ordinates. Details of these observations will be published elsewhere. However, the usefulness of the catalogue in Tables 1 and 2, as a supplement to those in MA93 and SMP78, is clear. The methods of finding PN detailed in Sections 2-4 will be applied to the Large Magellanic Cloud where we have already retrieved the data. Also, by comparing different narrow band images to those used here, many more emission objects, such as Be stars, could be identified in the Magellanic Clouds.
